Recently, mutation of the FOXL2 gene has been consistently identified in adult granulosa cell tumors of the ovary. The purpose of this study is to investigate whether the FOXL2 mutation and mRNA expression have a role in the pathogenesis of juvenile and adult granulosa cell tumors and influence tumor progression. Thirty-four adult granulosa cell tumors and 20 juvenile granulosa cell tumors were examined for the presence of the FOXL2 (C402G) mutation. Expression levels were studied by quantitative PCR and immunohistochemistry. We found that FOXL2 (C402G) mutation was present in 19/27 (70%) of the adult type tumors but in none of the juvenile granulosa cell tumors (0/18). No correlation was encountered between the presence of FOXL2 mutation and various clinicopathologic parameters except for the presence of a different sex-cord component, which was more frequently found in the subgroup of wild-type adult granulosa cell tumors than in the mutated tumors. Patients with tumors harboring the FOXL2 (C402G) mutation had a worse disease-free survival than those with the wild-type gene. Expression levels of FOXL2 mRNA had an impact on disease-free survival in both adult and juvenile granulosa cell tumors. We also found that the mutated tumors had a higher immunohistochemical expression of the FOXL2 protein, and there was a linear correlation between mRNA and immunohistochemical FOXL2 expression in both adult and juvenile granulosa cell tumors. Patients with juvenile granulosa cell tumors and higher FOXL2 protein expression had worse overall survival and disease-free survival than those with negative or weakly immunoreactive tumors. Our data suggest that FOXL2 mutation and mRNA expression are of prognostic importance in both adult and juvenile granulosa cell tumors.
Granulosa cell tumors are the prototype of feminizing sex cord-stromal tumors and represent around 3-5% of all ovarian tumors. 1 They comprise two different types, adult and juvenile, that account for 95 and 5%, respectively. The adult form occurs more often in middle-aged women and may show a variety of patterns including macrofollicular, microfollicular (the most characteristic), insular, or trabecular. Neoplastic cells are uniform with scanty cytoplasm and pale, grooved nuclei; in contrast, the juvenile subtype occurs mainly in children and younger women and usually shows large rudimentary follicles and cells with moderate to abundant cytoplasm and darker nuclei often without grooves. 1, 2 In both types, stage at the time of diagnosis is thought to be the most powerful factor predicting outcome. [3] [4] [5] [6] [7] [8] Whereas the adult type requires long-term follow-up due to its tendency to late recurrences, juvenile granulosa cell tumors tend to be confined to the ovary and are associated with favorable prognosis. Only juvenile tumors extending beyond the ovary are associated with poor outcome. 6, 7, 9 Somatic mutation in the FOXL2 gene has been described as a potential 'driver' in the pathogenesis of adult granulosa cell tumors. 10 FOXL2 is an evolutionarily conserved single-exon gene of 2.7 kb located at 3q23 that encodes for a 376 aa protein belonging to the large family of forkhead transcription factors.
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FOXL2 expression is restricted to granulosa cells during development and adulthood. 12 FOXL2 overexpression induces apoptosis in ovarian granulosa cells, whereas its alteration induces premature ovarian failure due to the abnormal granulosa cell differentiation. [13] [14] [15] The missense point mutation (C402G) induces an amino-acid change in FOXL2 (C134W) but neither altered function nor mislocalization of the protein have been reported. 10 Previous studies have shown that this mutation is specific for the adult type granulosa cell tumors and is present in up to 95-97% of these tumors. 10, 16 Recently, mutant FOXL2 has been found to induce lower levels of apoptosis compared with wild-type FOXL2.
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The purpose of this investigation was to find out whether FOXL2 mutation and expression levels have a role in the pathogenesis of juvenile and adult granulosa cell tumors as well as its potential value as a prognostic factor.
Materials and methods

Case Selection
Fifty-four ovarian granulosa cell tumors diagnosed from 1984 to 2009 were retrieved from the Surgical Pathology database of the Hospital de la Santa Creu i Sant Pau, Barcelona (eight cases) and the consultation files of one of the authors (JP, 46 cases). The cases included 34 adult granulosa cell tumors and 20 juvenile granulosa cell tumors. All available slides were reviewed by two of the pathologist (EDA and JP). Clinical and pathologic information regarding patient's age, clinical symptoms, tumor size, gross features, stage, treatment, and follow-up were recorded from the hospital charts and pathology reports.
Tumors were staged by the criteria proposed by the International Federation of Gynecology and Obstetrics (FIGO). A stage was assigned retrospectively on the basis of the recorded intraoperative and pathologic findings if it had not been assigned initially or the results of the initial staging were unavailable. Recurrent tumor was defined as tumor found at an interval after the apparently complete removal of an adequately staged tumor.
Microscopically, the tumors were classified according to the 2003 WHO classification system. 1 Tumors exhibiting microfollicles composed of uniform cells with scanty cytoplasm and pale grooved nuclei were diagnosed as adult granulosa cell tumors with microfollicular pattern (Call-Exner bodies); others include the trabecular, diffuse (sarcomatoid), and watered silk patterns. In contrast, the juvenile subtype typically shows large rudimentary follicles formed by cells with moderate to abundant cytoplasm and darker nuclei usually without grooves. Mitotic activity was assessed by counting mitotic figures in 10 HPFs (HPF ¼ 0.196 mm 2 ) in the most cellular areas.
Tissue Microarray
Paraffin blocks were available in all 54 ovarian granulosa cell tumors. Areas showing tumor elements were selected on H&E slides and marked on the corresponding paraffin blocks. Two representative 0.6 mm tissue cores were obtained from each selected zone. Tissue cores were arrayed in a paraffin block using a tissue microarray workstation (Beecher Instruments, Silver Spring, MD, USA) as previously described. 18 An H&E-stained section was made to confirm the presence of the original areas selected from each tumor. Subsequently, serialsectioned slides were obtained.
Immunohistochemistry
Immunohistochemical staining of the tissue microarray was performed with primary polyclonal antibody against FOXL2 (1:100; Imgenex, San Diego, CA, USA). Normal ovarian tissue sample was used as positive control. Negative control was produced by omission of the primary antibody. Cases were evaluated by two pathologists (EDA and AM). A case was considered negative when no nuclear immunoreaction was observed, whereas a positive case showed nuclear immunostaining, which was classified in three grades according to the intensity of immunostaining (1 for weak, 2 for moderate, and 3 for strong immunoreaction).
FOXL2 Mutational Analysis
Genomic DNA was isolated from paraffin-embedded tissue blocks using the QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. FOXL2 gene was amplified using a semi-nested technique, as previously described. The first pair of oligonucleotides consisted in a forward primer (F1), 5 0 -CCAGTACATCAT CGCGAAGTTCCCG-3 0 ; and reverse primer (R), 5 0 -CT CCGGCCCCGAAGAGCC-3 0 . The thermal cycling conditions included an initial 12 min at 941C followed by 35 cycles of 45 s at 941C 45 s at specific annealing primer temperature of 501C 1 min at 721C and a final extension of 10 min at 721C. All PCR products (269 bp) were subsequently used as a template in a second PCR, using the same reverse primer (R) and a nested forward primer (F2), 5
0 -CAG CCTCAACGAGTGCTTCAT-3 0 , with a specific annealing primer temperature of 571C. The resulting fragment of 194 bp contained the codon 134. The PCR products were purified using the exoSAP-IT (USB, Affimetrix, Cleveland, OH, USA) and subjected to direct sequencing using the ABI PRISM big Dye terminator v1.1 cycle sequencing Kit FOXL2 in granulosa cell tumors (Applied Biosystems, Foster City, CA, USA). Sequencing fragments were detected by capillary electrophoresis using an automated ABI PRISM 310 Genetic Analyzer (Applied Biosystems).
FOXL2 Gene Expression
The mRNA levels of FOXL2 were evaluated by quantitative PCR. Total RNA was extracted using the RNeasy FFPE Kit (Qiagen) and following the manufacturer's instructions. cDNA was synthesized from 1 mg of total RNA using the HighCapacity cDNA Reverse Transcription kit (Applied Biosystems). Subsequently, products were amplified with the 7300 Real-Time PCR System (Applied Biosystems) and TaqMan gene expression assay (Hs00846401_s1; Applied Biosystems). The thermal cycling condition were 2 min at 501C and 10 min at 951C, followed by 40 cycles of 15 s at 951C and 1 min at 601C. The experiments were performed in triplicate. Normal ovarian pool tissue was used as a calibrator for quantitative Real-Time PCR, and ABL-1 housekeeping gene (Hs01104728_m1; Applied Biosystems) was the reference for normalization.
Statistical Analysis
Statistical analysis was performed using the SPSS v18 statistical software (SPSS, Chicago, IL, USA). The following clinicopathologic parameters were evaluated: age, tumor size, histologic type, presence of a different sex-cord component, clinicopathologic stage, FOXL2 mutation, gene expression, and patients' outcome. Non-parametric tests (KruskalWallis and Mann-Whitney tests) were used to compare the distribution of quantitative variables. Disease-free survival, defined as the time from the date of diagnosis until the date of disease progression, was calculated according to the Kaplan-Meier method. Actuarial disease-free survival rates were compared using Cox-Mantel and log rank test. Welch two-sample t-test was used to investigate the relationship between prognostic parameters and disease-free survival. The significance level was established at 0.05.
Results
Clinical and Operative Findings
The clinicopathologic features are summarized in Table 1 . Patients with adult granulosa cell tumors had a median age of 51 (interquartile range (IQR) ¼ 36-69) at the time of diagnosis. In contrast, patients with juvenile granulosa cell tumors had a median age of 36 (IQR ¼ 18-39) at the time of diagnosis. For women in the reproductive age group, initial manifestations included irregular and excessive uterine bleeding; similarly, the most common symptom in postmenopausal women, was vaginal bleeding. The initial treatment was known in all cases: of the 34 patients with adult granulosa cell tumors, 3 (9%) underwent total abdominal hysterectomy with bilateral salpingo-oophorectomy, 31 had salpingo-oophorectomy, which was unilateral in 21 (62%) and bilateral in 10 (29%) patients. Fourteen patients (70%) with juvenile granulosa cell tumors had unilateral salpingo-oophorectomy and 6 (30%) patients had bilateral salpingo-oophorectomy. Of the 34 adult granulosa cell tumors, 31 (91%) were stage IA, and 3 (9%) stage IC. Fifteen juvenile granulosa cell tumors were stage IA (75%), 2 (10%) stage IC, 1 (5%) stage IIIB, and 2 (10%) stage IIIC.
Pathologic Findings
The adult granulosa cell tumors had a median diameter of 11 cm (IQR ¼ 6-17 cm). The external surface was smooth and lobulated. The cut surfaces were described as solid or cystic, displaying a variegated appearance ranging from yellowish to gray with foci of hemorrhage and necrosis. Histologically, the tumors were densely cellular and showed uniform cells closely packed with regular and relatively bland nuclei. Twenty-one (62%) tumors had a diffuse pattern, 6 (17%) were trabecular, 4 (12%) microfollicular, and 3 (9%) appeared watered silk. Six tumors presented a different 12-25 cm) . Microscopically, they showed confluent solid nodules of proliferating granulosa cells arranged in sheets or around irregular follicle-like spaces containing amphophilic secretory fluid. The nuclei did not show grooving, and were larger and more hyperchromatic than in the adult tumors. Three tumors presented a separate sex-cord component (Sertoli, Sertoli-Leydig). Mitotic count varied from 6 to 21/10 HPFs (IQR) (median ¼ 12/10 HPFs).
Follow-up and Survival
Follow-up, ranging from 2 to 26 years (median ¼ 9 years), was available in 29 of 34 adult granulosa cell tumors, and in 13 of 20 juvenile granulosa cell tumors. Of the 29 patients with adult granulosa cell tumors, 12 (41%) developed metastases, 1 (3%) who had a stage IA tumor died of acute myocardial infarction, and 16 (56%) patients were alive without evidence of disease. None was known to have died of tumor. Of the 13 patients with juvenile granulosa cell tumors and follow-up available, 3 (23%) developed metastases and died of tumor 2 to 6 months later (1 stage IA, 1 stage IIIB, and 1 stage IIIC), and the remaining 10 (77%) patients are alive without evidence of disease.
All patients were stratified into recurrent vs non-recurrent groups and no statistical differences were observed when compared by age at diagnosis, tumor size, tumor stage, histologic type, presence of a separate sex-cord component, and mitotic index.
Patients with juvenile granulosa cell tumors had a worse overall survival than those with adult granulosa cell tumors (P ¼ 0.034); however, no differences in disease-free survival were found between the two groups. Moreover, in the former patients recurrence itself was a powerful predictor of prognosis (P ¼ 0.000), and its significance was maintained even in stage 1A cases (P ¼ 0.025).
FOXL2 Mutations and mRNA Expression
Direct sequencing analysis showed that FOXL2 (C402G) missense mutation was present in 19/27 (70%) adult type tumors while no mutation was encountered in any of the juvenile granulosa cell tumors (0/18). Moreover, we found no correlation between the presence of FOXL2 mutation and the clinicopathologic variables studied except for the presence of a separate sex-cord component, which was more frequent in the subgroup of wild-type adult granulosa cell tumors than in the mutated group (P ¼ 0.031). (Figure 1a ).
FOXL2 Mutation and mRNA Expression Influence Disease-Free Survival and Overall Survival
When patients with adult granulosa cell tumors were stratified regarding their mutation status, we observed that patients with tumors harboring the FOXL2 (C402G) mutation had a worse disease-free survival than those with the wild-type gene (P ¼ 0.046) (Figure 1b) , while the overall survival was not affected by mutation status (P ¼ ns).
Once we found that mutated adult granulosa cell tumors had a higher expression of FOXL2 mRNA than unmutated cases, we explored whether gene expression may have also an impact on prognosis. Using 72RU as a cutpoint corresponding to the 75th percentile of the FOXL2 mRNA expression in adult granulosa cell tumors, we found that patients with a higher FOXL2 mRNA expression had a worse disease-free survival than those with lower levels (P ¼ 0.01) (Figure 1c) . On the other hand, when patients were stratified by mRNA FOXL2 expression, we observed no differences in overall survival.
In contrast to the adult type, juvenile granulosa cell tumors with higher FOXL2 mRNA expression (cutoff value ¼ 2RU) had a worse disease-free survival (P ¼ 0.039; data not shown) and overall survival (P ¼ 0.039) than those with lower expression (Figure 1d ).
Immunostaining for FOXL2 Correlates with mRNA Expression
We stained 49 cases of granulosa cell tumors (30 adult type and 19 juvenile type) with FOXL2. In each tumor, immunostaining was homogeneous among the tumor cells. FOXL2 was expressed in 23 out of 30 of adult granulosa cell tumors and in 14 of 19 juvenile granulosa cell tumors (Figure 2) . In both types, we found that immunohistochemical intensity varied among the groups according to mRNA FOXL2 expression (P ¼ 0.006) and that the expression had an increasing linear tendency (P ¼ 0.000). Moreover, we also found that the mutated cases showed a stronger immunoreaction for FOXL2 protein (P ¼ 0.026).
FOXL2 in granulosa cell tumors
In adult granulosa cell tumors, no correlation was found between FOXL2 immunoreaction and overall survival or disease-free survival. Conversely, in juvenile granulosa cell tumors, we observed that tumors with a stronger (2 þ and 3 þ ) immunoreaction had a worse overall survival and disease-free survival, than tumors exhibiting negative or weak immunostaining (1 þ ) (P ¼ 0.02).
Discussion
Granulosa cell tumors account for only 3-5% of all ovarian tumors and have been classified into adult and juvenile clinicopathologic types. 1, 19 The tumors may exhibit a wide variety of histological patterns, which challenge diagnosis; prognosis is uncertain and pathogenesis poorly understood.
Several studies have attempted to predict recurrence. Some assessed clinical parameters such as age at diagnosis, tumor size, surgical stage, serum tumor markers, tumor rupture during surgery, and adjuvant chemotherapy after the initial surgery. 3, 6, 9, [19] [20] [21] [22] Others analyzed pathologic features such as cellular atypia, mitotic index, histologic subtype, presence of Call-Exner bodies, and tumor cell luteinization. 20, 22 In our series, none of the clinical and pathologic features we analyzed correlated with outcome.
Some light has been recently thrown on the pathogenesis of the adult granulosa cell tumors. Using RNA sequencing, Shah et al 10 reported the identification of a likely 'driver' point mutation (C402G) of the FOXL2 gene-localized within the forkhead domain-in adult type granulosa cell tumors. However, little is known about the effect of this mutation in the function of the FOXL2 protein.
In our series, we encountered the FOXL2 (C402G) mutation in the majority of the adult granulosa cell tumors but in none of the juvenile cases. Interestingly, we found that cases with a different sex-cord component were more likely to be wild-type for the FOXL2 in granulosa cell tumors FOXL2 gene. It has been reported that patients with adult granulosa cell tumors containing a nongranulosa sex-cord component are associated with better disease-free survival. 22 Although we could not find any survival differences between tumors with and without non-granulosa sex-cord component, our findings suggest, together with those in the literature, that adult granulosa cell tumors with a different sex-cord component may represent a distinct clinicopathologic form with more favorable prognosis.
Physiologically, FOXL2 is required for normal ovarian development and is mainly expressed in undifferentiated granulosa cells. Knockout mice present a blockage in ovarian development secondary to failure in granulosa cell differentiation. 14, 15 It has been recently reported that wild-type FOXL2 and its mutant may have differential regulatory activities of the apoptosis. According to Kim et al,
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FOXL2 mutant induces a lower number of apoptotic cells due to deregulation of the caspase activation. In this context, we reported for the first time that FOXL2 gene mutation may also have a bad prognostic impact in vivo.
We examined FOXL2 mRNA expression in both adult and juvenile granulosa cell tumors. Our findings differ from those reported recently by Jamieson et al, 16 who found that levels were similar in all cases and controls studied, irrespective of their adult or juvenile nature. In our series, both tumor types expressed higher levels of FOXL2 mRNA than normal ovaries, especially granulosa cell tumors. We also found for the first time that FOXL2 mRNA expression has a prognostic impact, not only in adult type tumors, but also in juvenile neoplasms. In our study, patients with adult granulosa cell tumors and a high mRNA FOXL2 expression had a worse disease-free survival than those with lower expression. In contrast, patients with juvenile granulosa cell tumors and higher FOXL2 mRNA expression had a worse disease-free survival and overall survival.
We then analyzed the immunohistochemical expression of FOXL2 in the same series of tumors, in order to evaluate its potential use as a diagnostic or prognostic surrogate marker. We observed that in both adult and juvenile granulosa cell tumors, there was a linear correlation between mRNA and immunohistochemical FOXL2 expression. Nevertheless, the prognostic significance of the protein expression was only maintained in juvenile tumors.
In summary, we have demonstrated that FOXL2 mutation has not only a diagnostic value in adult granulosa cell tumors but also carries prognostic significance. We also believe that even if FOXL2 mutation may only have a pathogenetic role in adult granulosa cell tumors, FOXL2 expression also influences the biologic behavior of both juvenile and adult granulosa cell tumors and thus may be clinically relevant.
